A new NAD+-dependent opine dehydrogenase was purified to homogeneity from Arthrobacter sp. strain 1C isolated from soil by an enrichment culture technique. The enzyme has a molecular weight of about 70,000 and consists of two identical subunits with molecular weights of about 36,000. The enzyme catalyzed a reversible oxidation-reduction reaction of opine-type secondary amine dicarboxylic acids. In the oxidative deamination reaction, the enzyme was active toward unusual opines, such as N-[l-R-(carboxyl)ethyl]-S-methionine and N-[l-R-(carboxyl)ethylJ-S-phenylalanine. In the reductive secondary amine-forming reaction with NADH as a cofactor, the enzyme utilized L-amino acids such as L-methionine, L-isoleucine, L-valine, L-phenylalanine, L-leucine, L-alanine, and L-threonine as amino donors and a-keto acids such as pyruvate, oxaloacetate, glyoxylate, and x-ketobutyrate as amino acceptors. The product enzymatically synthesized from L-phenylalanine and pyruvate in the presence of NADH was identified as N-[l-R-(carboxyl)ethyl]-S-phenylalanine.
Opines are unusual compounds found in crown gall tumor tissues induced by infection with Agrobacterium tumefaciens (26) ; they are structurally classified into several groups (6, 26) . Two of these groups have a common secondary amine dicarboxylic acid structure, HOOCRHC-NHC HR'COOH. One group can be categorized as N-substituted D-alanine and includes lysopine, octopine, octopinic acid, and histopine (4, 14) , and the other can be categorized as N-substituted D-glutamic acid and includes nopaline and nopalinic acid (16) . Octopine is found in molluscan organisms, together with structurally related alanopine and strombine (10) . Octopine dehydrogenase (EC 1.5.1.11) (9, 13, 15, 37) , lysopine dehydrogenase (EC 1.5.1.16) (30) , alanopine dehydrogenase (EC 1.5.1.17) (11) , and nopaline dehydrogenase (synthase) (EC 1.5.1.19) (20) , involved in the metabolism of these compounds, have been characterized from crown gall tumor tissues and molluscs. These NAD(P)+-dependent opine dehyrogenases appear to share a similar reaction mechanism with the NAD(P)+-dependent amino acid dehydrogenases (33, 34) . It is peculiar that the NAD (P)+-dependent secondary amino acid dehydrogenases form a D-configuration from cx-keto acid in the reductive amineforming reaction, since no NAD(P)+-dependent amino acid dehydrogenase forms a D-amino acid from the keto analog in the reductive amination reaction, with NADP+-dependent meso-ot,F-diaminopimelate D-dehydrogenase as an exception (24) .
We have recently purified and characterized phenylalanine dehydrogenases in crystalline form or to homogeneity from Sporosarcina ureae SCRC-R04, Bacillus sphaericus SCRC-R79a (1), and B. badius IAM 11059 (2) . The pdh genes have been cloned into plasmids and expressed in Escherichia coli, and the B. sphaericus pdh gene has been sequenced (28) . A comparison of the primary structure of an opine dehydrogenase with those of the known amino acid dehydrogenases would provide valuable information on the structure and function of this class of enzymes. Furthermore, the reversible nature of the enzyme-catalyzed reaction would enable us to synthesize new chiral opine derivatives, the chemical synthesis of which is rather laborious. (8) . The dimethyl esters were purified by silica gel column chromatography with an n-hexane-ethyl acetate (9:1 [vol/vol]) solvent system to remove the diastereomer by-product. Hydrolysis of the dimethyl esters was carried out in 1 M potassium hydroxide containing 50% tetrahydrofuran at room temperature for 6 h. The reaction mixture was neutralized with 2 M hydrochloric acid and then evaporated. To further remove the contaminating diastereomer, we dissolved the potassium salt of the hydrolysate in water, applied it to a Crownpack CR (+) column (0.40 by 15 cm) in an HPLC system (HLC 803D; Tosoh), eluted it at room temperature with 0.05 M perchloric acid at a flow rate of 0.4 ml/min, and collected the fractions. N-[1-RS-(Carboxyl)ethyl]-S-phenylalanine for culture medium was synthesized from L-phenylalanine and sodium pyruvate with sodium cyanoborohydride (21) .
Isolation of opine dehydrogenase-producing strains. Microorganisms were isolated from soil samples from the Kanagawa Prefecture, Japan, with a medium containing 5 g of N-[1-RS-(carboxyl)ethyl]-S-phenylalanine as a sole carbon source per liter of the basal medium described previously (3) . Several strains belonging to the genus Arthrobacter were obtained from the stock cultures of the Institute for Applied Microbiology (IAM), The University of Tokyo, Tokyo, Japan, the Japan Collection of Microorganisms (JCM), Wako, Japan, and the Institute for Fermentation (IFO), Osaka, Japan. The buffer used in this study was potassium phosphate buffer (pH 7.0) containing 0.1 mM EDTA and 5 mM 2-mercaptoethanol unless otherwise stated. The strains were cultured aerobically at 30°C for 48 h in the basal medium described above. The cells were washed once with physiological saline and suspended in 0.1 M buffer. The cells were disrupted for 8 to saturation) to the active fractions, which were applied to a Butyl-Toyopearl column (2.6 by 19 cm) equilibrated with 0.01 M buffer containing ammonium sulfate (30% saturation). The active fractions were eluted with a linear gradient of ammonium sulfate (30 to 0% saturation) in 0.01 M buffer. The active fractions were combined, dialyzed, concentrated by ultrafiltration, and applied to a Sephadex G-200 column (2.4 by 120 cm) equilibrated with 0.05 M buffer containing 0.1 M NaCl. The eluted active fractions were concentrated by ultrafiltration.
Other methods. The molecular weight of the enzyme was determined by gel filtration with G-3000 SW eluted under the same conditions as those described previously (2) . Electrophoresis and determination of the molecular weight of the subunit of the enzyme were carried out on polyacrylamide gels with or without sodium dodecyl sulfate (SDS) as described previously (2) . To check the purity of the enzyme, we applied the enzyme to a DEAE-5PW column (0.75 by 7.5 cm) in an HPLC system (SP-8700; Tosoh). The conditions were as described previously (2) . Taxonomic studies of strain 1C indicated that it belongs to the genus Arthrobacter because it is nonmotile, never fermentative, and occurs in rod-coccus shape, the peptidoglycan contains lysine as the diamino acid, and no mycelium formation is observed (19) Purity and absorption spectrum. The enzyme was found to be homogeneous by polyacrylamide and SDS-polyacrylamide disc gel electrophoreses (Fig. 3A and B) . The protein band visualized with Coomassie brilliant blue R-250 coincided well with that visualized by activity staining. It was eluted as a single peak by the HPLC system with a DEAE-5PW column (Fig. 3C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The substrate specificity of the enzyme in the reductive secondary amine-forming reaction was examined with pyruvate as a fixed substrate ( Table 2 ). The enzyme showed relatively wide substrate specificity with hydrophobic Lamino acids as major substrates. It is noteworthy that of the D-amino acids tested only D-leucine acted as a substrate and only for 3.4% of the activity found with L-methionine. The K,,, values for the amino acid substrates were in the range of 2 to mM. The substrate specificity of the enzyme with L-methionine as a fixed substrate in the secondary amineforming reaction was also studied (Table 3) . Lower-molecular-weighta-keto acids such as pyruvate, oxaloacetate, glyoxylate, and a-ketobutyrate were substrates for the enzyme.
Other properties. The enzyme had maximal activity at pH 8.0 for the reductive secondary amine-forming reaction, whereas for the oxidative deamination reaction, maximal activity was seen at pH 10.0. The velocity for the reductive secondary amine-forming reaction was about six times greater than that for the oxidative deamination reaction when the same amount of enzyme was used. When the enzyme was incubated at 30°C for 1 h with buffers of various pHs1 more than 85% of the initial activity was retained at pH 5 .0 to pH 9.5. No loss of activity was observed when the enzyme was incubated at 37°C and pH 8.0 for 10 min; 80% of the activity remained after incubation at 50°C, and about half was lost after incubation at 52°C. Maximal initial activity was observed at 55°C.
The effect of metal ions and inhibitors (at 1.0 mM unless otherwise noted) on enzyme activity was investigated. Enzyme-activity was measured after the enzyme was preincubated at 25°C for 10 min. The enzyme was not affected by 
DISCUSSION
In this paper, we described the screening, purification, and characterization of a new NAD+-dependent opine dehydrogenase from Arthrobacter sp. strain 1C isolated from soil by the use of a synthetic opine as a probe.
The enzyme isolated from Arthrobacter sp. strain 1C had a substrate specificity completely different from those of known opine dehydrogenases from both molluscan and plant origins (9, 11, 13, 15, 20, 27, 30, 31, 37, 39) , although the configuration of the secondary amine dicarboxylic acid product was the same as that of nonsugar opines {N-[1-R-(carboxyl)alkyl]-S-amino acid}.
The molecular weight of the enzyme was calculated to be 70,000, and the molecular weight of the subunit of the enzyme was about 36,000. The previously reported octopine dehydrogenases, alanopine dehydrogenase, and strombine dehydrogenase from marine molluscs are exclusively monomeric proteins with molecular weights of 35,000 to 45,000 and are NAD+ dependent (9, 11, 13, 31, 35, 37, 39) . The molecular weight of the polypeptide chain of octopine dehydrogenase (octopine synthase) and nopaline dehydrogenase (nopaline synthase) from crown gall tumor tissue induced by A. tumefaciens is also about 40,000 (15, 20, 37) , although the latter is a tetrameric enzyme with a molecular weight of 158,000 (30) . These enzymes are different from the molluscan enzymes in that they utilize both NADP+ and NAD' as cofactors. Firmin et al. have proposed that N-[1-(carboxyl) ethyl]methionine (methiopine) be categorized as a "pseudoopine" (12) , although the configuration of methiopine is not known (29) . We propose that the enzyme in the present study be tentatively called pseudo-opine dehydrogenase or phenylalanine-pyruvate reductase, with the systematic name N-[1-D-(carboxyl)ethyl]-L-phenylalanine:NAD' oxidoreductase (L-phenylalanine forming) (EC 1.5.1.-) (27) . The physiological role of this enzyme might be to oxidize opines of plant origin, such as methiopine, to yield NADH, a-keto acid, and L-amino acid, which can support the growth of the organism.
It has been reported that Agrobacterium strains that cause crown gall tumors (26) and some Pseudomonas species have the ability to utilize opines as sole carbon or nitrogen sources (5, 22 concerned with the synthesis and degradation of opines; one is the gene for the opine dehydrogenase (synthase) (7) , and the other is the gene for the opine oxidase (17, 32) . This study is the first to show that opines can be degraded by an NAD+-dependent opine dehydrogenase from an Arthrobacter sp. The enzyme could be utilized in the stereospecific in vitro enzymatic synthesis of a wide variety of unusual opines containing two chiral centers from free L-amino acids and ot-keto acids as substrates, without any laborious protection and deprotection or kinetic resolution procedures.
